Linkage disequilibrium (LD) mapping was used to follow up reports of linkage between reading disability (RD) and an 18 cM region of chromosome 6p21.3-22. Using a two-stage approach, we tested for association between RD and 22 microsatellite markers in two independent samples of 101 (Stage 1) and 77 (Stage 2) parent/proband trios in which RD was rigorously defined. The most significant replicated associations were observed between combinations of markers D6S109/422/1665 (Stage 1, P ¼ 0.002 (adjusted for multiple testing); Stage 2, P ¼ 0.0001) and D6S506/1029/1660 (Stage 1, P ¼ 0.02 (adjusted), Stage 2, P ¼ 0.0001). The only two-marker association observed in both samples was with D6S422/1665 (P ¼ 0.01, 0.04). No single marker showed replicated association but D6S506 produced values of P ¼ 0.01 and 0.08 which were significant when combined (P ¼ 0.02). We observed weaker and less consistent evidence of association in a region of confirmed linkage to RD in previous studies. The most consistently significant haplotypic association D6S109/422/1665, showed association with single-word reading, spelling, phonological awareness, phonological decoding, orthographic accuracy and random automised naming, but not with vocabulary or Attention Deficit Hyperactivity Disorder. Our findings strongly support the presence of a gene contributing to RD in a region of chromosome 6 between markers D6S109 and D6S1260, but do not rule out the presence of a gene between D6S1556 and MOG.
Introduction
Reading disability (RD), or developmental dyslexia, is a common condition which can affect up to 10% of children of school age 1 and persists in causing cognitive and social problems into adult life. 2, 3 Although a century of research has not uncovered the pathophysiology of RD, 4 we do know that genes play a significant role in its aetiology. 5, 6 The familiality of RD has long been recognised 5, [7] [8] [9] and twin studies have established that this tendency is primarily because of genes, with heritability estimates ranging from 44 to 75%. 5, 9 There is also evidence of the involvement of a number of genes of variable effect contributing to general and/or specific language processing deficits. 10, 11 Although some studies support the existence of major genes, others reflect a more complex mode of inheritance. Several studies have already identified regions likely to contain genes contributing to RD; the long arm of chromosome 15, 12-17 the short arm of chromosome 6, 12, [18] [19] [20] [21] [22] [23] and regions on chromosomes 2 and 18. [23] [24] [25] However, the most convincing evidence is for chromosome 6p, which has been supported by reports of linkage in at least four independent samples 12, [18] [19] [20] [21] [22] 26 (see Figure 1 ), although others have failed to find a relation in this region.
27, 28 The combined evidence for linkage implicates a region of approximately 18 Mb within which there appears a 2 Mb region which shows most consistent evidence across studies (see Figure 1 ).
Although the evidence for a susceptibility locus on chromosome 6p is compelling, the evidence implicating a relationship between specific phenotypic variables or dimension is less clear. For example, in their original study, Grigorenko et al 12 appeared to show strongest evidence of linkage to a phenotype characterised by phonological awareness, although suggestive linkage was also observed with phonological decoding and single-word reading. However, their extended study 20 produced a different phenotypic relationship showing linkage to single-word reading, vocabulary and spelling, with phonological awareness and phonological decoding showing little evidence of linkage. Attempts to disentangle specific phenotypicgenotypic relationships are further complicated by the high level of correlation between many of the measures of reading ability, different methods of ascertainment between studies, and the variable but reduced power to test specific relationships with subphenotypes within the samples studied.
Given the strong evidence for linkage between RD and chromosome 6p, we sought to determine a more precise map position by linkage disequilibrium (LD) mapping. 29 While some reports have cast doubt on the utility of LD mapping in complex disorders, 30, 31 others have provided empirical support for this strategy. 32 LD between single nucleotide polymorphisms (SNPs) has been observed at distances 4100 kb, 33 although patterns vary between populations. 34 However, LD between microsatellites has been shown to extend to 4 cM in some regions of genome. 33 Association mapping has already been used with success in studies of insulin-dependent diabetes mellitus, [35] [36] [37] psoriasis vulgaris, 38 Crohns disease 39 and, more recently, from our studies of RD on chromosome 15. 15 We tested for LD with RD using 22 microsatellite markers spanning the region of putative linkage, using two independent samples of parent/proband trios, taken from the UK population. We also tested for specific relationships with subphenotypes reflecting phonological, orthographic and speeded information processing.
Subjects and methods
We ascertained two samples comprising 101 and 77 parent-proband trios, through contacts with local education authorities across South Wales (Stage 1) and mainly English schools specialised in the education of children with reading difficulties (Stage 2, see Table 1 for sample description).
We defined the general RD phenotype in relation to reading ability and estimated IQ, but did not adopt an IQ-RD discrepancy model. The inclusion criteria required that probands had an IQ of 85 or over and were at least two and a half years behind their chronological age in reading. This is a severe degree of reading impairment and is likely to represent the lower 5th percentile of children. We used four subtests from the WISC III UK 40 to provide a prorated full scale IQ score: vocabulary, similarities, block design and picture completion. We used the accuracy score from the Neale Analysis of Reading Ability 41 to determine reading age.
The RD definition used as the inclusion criterion for this study was based on prose reading but is comparable to the single-word recognition measure used by Grigorenko et al. 12, 20 The linkage studies based on data from the Colorado family study 18, 19 used a continuous measure of reading performance based on the weighted composite of three subtests from the PIAT (word recognition, reading comprehension and spelling). The reading accuracy measure used to define RD in this study is comparable to that used in the Colorado study and provides a purer measure of deficits in word recognition than definitions which include comprehension and spelling components of RD. 18 Fisher et al 21 selected children whose British Ability Scales (BAS) reading scores were 2 SDs below that predicted on the basis of their BAS similarities (verbal reasoning) or BAS matrices (nonverbal reasoning) score. 42 This definition is also comparable to ours, although we selected children on the basis of a measure of both verbal and performance IQ which was likely to exclude participants who had an IQ impairment in only one area of functioning and we did not insist on a discrepancy between IQ and Reading.
In addition, a battery of tests was administered to each RD child to measure phonological, orthographic and automatised naming skills. These measures have established reliabilities (test/re-test: r) and heritabilities (h 2 ) observed in an independent sample of UK twins. 10 We assessed phonological ability (h 2 ¼ 0. 49 We also screened probands for signs of attention-deficit-hyperactivity disorder using the Abbreviated Connor's Questionnaire 50 and tested vocabulary using standard scores from the WISC III. 40 Procedure The study was approved by local ethics committees in the UK. All the RD children were tested in one test session either in their homes or at school. The test battery was administered in a fixed order and tests that required reading of real words were presented before nonsense word tests.
DNA was extracted by standard procedures from venous blood or 25 ml saline mouthwashes. 15 The chromosomal interval used for LD mapping was selected on the basis of the four recent studies supporting linkage to 6p21.3, 12,18-22 a distance of approximately 18 cM ( Figure 1 ). Data on marker names, position of markers and distances between markers were extracted from the Genome Database (http:/www.gdb.org.gdb/). We identified a 2 cM region from D6S1558 to MOG which showed greatest overlap of evidence between studies, in which we increased our marker density to one per 0.2 cM. Primer pairs were obtained from MWG Biotech (Germany) and Genset (France) with the forward primer of each pair labelled with FAM, TET or HEX fluorescent dyes. Polymerase chain reactions (PCRs) were performed in 12 ml reaction volumes containing 48 ng of genomic DNA, 5 pmol of each primer, 1.5 mM MgCl 2 , 50 mM KCl, 10 mM Tris HCl (pH 8.3), 200 mM dNTPs and 0.1 units Taq polymerase (Qiagen). All PCRs were performed on Hybaid PCR Express thermocyclers or MJ Research PTC-100 thermocyclers with an initial denaturation stage at 941C for 5 min followed by 30 cycles (30 s at 941C, 30 s at 50-651C, 30 s at 721C) and a final extension step at 721C for 5 min. Reactions for each marker were performed separately, with products being multiplexed into size-specific sets prior to gel electrophoresis. TAMRA-labelled molecular weight markers were run in each lane. Markers were typed on ABI373 sequencers using the Genescan TM and Genotyper TM software (Applied Biosystems).
We tested for individual marker allelic associations with RD using a haplotype relative risk (HRR) method and the extended transmission disequilibrium test (eTDT) method with Monte Carlo simulation implemented to obtain empirical significance levels. 51 To increase haplotype information, we tested for association with combinations of consecutive markers (ie, all two-and three-marker combinations). Multimarker as well as single-marker HRR analyses (including analysis of all RD phenotypes) were undertaken using the computer program HAPMAX (http://www.uwcm. ac.uk/uwcm/mg/download). This program employs an EM algorithm to obtain the haplotype frequencies allowing for phase unknowns. The resulting estimates were tested for differences based on the observation that twice the log-likelihood difference between the tested models approximates follows the w 2 distribution. For markers with more than eight alleles HAPCLUMP was used to clump the least frequent alleles together. On infrequent occasions, when the number of haplotypes exceeded 600 (HAPMAX limit), rare alleles were clumped to minimise the differences Linkage disequilibrium mapping D Turic et al between transmitted and nontransmitted frequencies.
Since the number of degrees of freedom became large for haplotypes of more than one marker, the significance was determined by simulation using HAPSIM1. This program obtains the maximum likelihood estimates of haplotype frequencies from the sample under the assumption of no difference between transmitted and nontransmitted chromosomes and these were used each time to simulate 10 000 trio sets. For these sets, w 2 values were calculated using HAPMAX and the number of times the simulated values exceeded the original w 2 was recorded. This figure divided by the number of simulations (ie, 10 000), represents a simulated P value for the original w 2 . Parents were tested for Hardy-Weinberg equilibrium for each marker at each stage. Tests for markermarker association were carried out in the affected offspring (Stage 1) using EHPLUS. 52 EHPLUS incorporates a likelihood ratio test to evaluate the strength of association and was used in conjunction with PMPLUS 53 to obtain empirical significance levels. Lewontin's disequilibrium coefficient, D 0 , 54 was employed in the software DPRIME to estimate the strength of LD between markers.
All individual markers and combinations of two or three consecutive markers, which were significantly associated with RD at Stage 1 were tested for association at Stage 2. To limit the extent of genotyping at Stage 2, we restricted replication of threemarker associations to those that remained significant after adjusting for multiple testing (Bonferroni correction based on 22 tests). This is a conservative approach to avoid a type 1 error. In Stage 2, we also genotyped markers adjacent to those showing association to explore the pattern of effect in associated region/s.
We used categorical phenotypic definitions to test for association between markers and probands scoring in the poorest 5% on general reading and the poorest 10% on each other measure of RD (as defined by either test norms where available, or from performance data on a tested sample of 100 children drawn from a population of normal readers). A broader category was adopted for RD component measures to maintain adequate numbers within each and to mirror the methods of Gigorenko et al who also use categorical definitions. To minimise the number of phenotypic-genotypic comparisons, we limited our detailed phenotypic analyses to the region which showed most evidence of association with general RD in both samples.
Results
We tested for association between RD and single-, two-and three-marker haplotypes of 22 microsatellite markers from a 18 cM region of putative linkage on chromosome 6p (see Figure 1 ) in two independent samples of parent/proband trios (101 trios in Stage 1 and 77 trios in Stage 2) from the UK population. We observed two significant single-marker associations in the Stage 1 sample (results shown in Table 2 ) with Linkage disequilibrium mapping D Turic et al markers D6S506 and D6S258 using HAPMAX and the eTDT (unadjusted P ¼ 0.01 and P ¼ 0.03, respectively). We did not observe significant evidence of association with either marker in the second sample of trios (D6S506; P ¼ 0.08 and D6S258; P ¼ 0.9), although D6S506 showed a trend towards significance which was significant when the data from both stages were combined (P ¼ 0.02).
We also tested for association between RD and combinations of two or three consecutive markers (results shown in Table 3 and Figure 2 ). In the first sample of trios, we observed three significant twomarker associations (D6S422/1665; 1558/1260 and105/306), but only D6S422/1665 showed replicated association in Stage 2 (P ¼ 0.01 and 0.04). In all, 16 three-marker haplotype associations were observed at or below 0.05 a level in Stage 1. We limited the combinations of three-marker haplotypes tested in the second sample to those which remained significant after adjusting for multiple testing; thus, five three-marker haplotypes were tested in Stage 2, these comprised: D6S109/422/1665, D6S422/1665/506, D6S506/1029/1660, D6S1281/1558/1260, and D6S306/2229/2215. In Stage 2, four haplotypic combinations showed significant replication (D6S109/ 422/1665, P ¼ 0.0001; D6S422/1665/ 506, P ¼ 0.0001; D6S506/1029/1660, P ¼ 0.0001 and D6S1281/1558/ 1260, P ¼ 0.001). The two haplotypic combinations which showed the strongest evidence for association at both stages were D6S109/422/1665 and D6S506/ 1029/1660.
Probably because of the large number of alleles generated when microsatellite markers were combined, we were not able to identify association with specific alleles (see Website for raw data: www. uwcm.ac.uk/study/medicine/psychological_medicine/ pub_data/dyslexia.htm). To test the consistency of the evidence for haplotypic association in both samples, we combined the data from both stages (results shown in Table 4 ). All significant three-marker combinations remained significant when both stages were combined.
Finally, all markers were tested for Hardy-Weinberg equilibrium and most showed equilibrium with the exception of DS1558 in both stages (P ¼ 0.02 and 0.000006), DS506 in Stage 2 (P ¼ 0.009) and D6S1260 and D6S1583 in Stage 1 (P ¼ 0.01 and P ¼ 0.04).
Phenotypic analysis
We tested for relationships between the most significant three-marker haplotype (D6S109/422/1665) and the ten phenotypic components measured, using a two-stage design. We observed significant association between the D6S109/422/1665 haplotype and single-word reading, single-word spelling, phonological awareness, phonological decoding, orthographic accuracy and random automised naming in the Stage 1 analysis, which were all replicated at Stage 2 (results shown in Table 5 ). We did not observe association with vocabulary or ADHD, although vocabulary showed evidence of association before Bonferroni correction. 
Intermarker LD analysis
Finally, we tested for marker-marker LD (results shown in Table 6 ) calculating D 0 to measure the size of relationship and EHPLUS to test the significance. The second point of interest is the pattern of relationship between the markers in the region tested. It is known that the region between D6S1281 and 1583 is subjected to recombination suppression 55 and may therefore be expected to show extensive LD. However, our data do not show excessively high LD between these microsatellites. A strong pattern of LD is observed between markers which are closely spaced within the 2 Mb region of maximum evidence of linkage (see Figure 1) . It is also interesting that there appears to be moderate evidence of LD between markers from the haplotypes we observe to be Figure  2 ), which also remains significant when these data are combined. This indicates that there may be weak evidence of association with RD in the linkage region previously identified with most consistency. 12, [18] [19] [20] [21] [22] [23] However, this marker combination would not have been tested in Stage 2 based on the Stage 1 results and were only tested because additional markers adjacent to significant regions at Stage 1 were tested in the Stage 2 sample. These data should therefore be interpreted with caution.
Discussion
We observe strong evidence of family-based association with RD within the telomeric region of linkage previously observed on chromosome 6p. First, we observed association with RD using four separate combinations of three markers between D6S109 and D6S1260, which showed strong evidence of replication in a second independent sample of parent proband trios (ie, D6S109/422/1665; D6S422/1665/ 506; D6S506/1029/1660 and D6S1281/1558/1260). The most consistently significant three-marker haplotype was D6S109/422/1665. Furthermore, markers D6S422 and 1665 formed the only significant, replicated two-marker association detected. Although, no single marker showed replicated association, D6S506 which is adjacent to the most significant three-and two-marker haplotype associations, did show significant association when both samples were combined, although the level of significance was not as low as that observed in the Stage 1 sample alone. This consistent pattern of significant association indicates that a gene contributing to RD is in the vicinity of markers D6S109-506, although significant association does extend to marker D6S1660. This region is some distance after the 2 Mb region between D6S1558 and MOG, which shows most consistent evidence of linkage to RD in previous studies. 12, [18] [19] [20] [21] [22] [23] Our evidence for association within this region is weak and shows inconsistency, eg, the marker combination D6S2215/258/1683 showed significant association in Stage 1 before adjustment for multiple testing (P ¼ 0.05) and was significant at Stage 2 (P ¼ 0.01). However, this effect was weak in comparison to the other multimarker associations observed and was not supported by replicated evidence of association with other marker combinations.
We were unable to detect specific patterns of allelic association within the marker haplotypes which showed replicated association. This is unsurprising given the large number of alleles generated by microsatellite markers. However, we were able to test Linkage disequilibrium mapping D Turic et al for consistency within the pattern of association between Stages 1 and 2 by combining these data carefully. All significant multimarker associations remain significant in the combined samples, indicating that the pattern of effect appeared similar in both samples.
The greater evidence for association observed with multimarker haplotypes, as compared to single markers, may be because of multimarker haplotypes reflecting more precisely, the ancestral chromosomes containing an RD susceptibility variant or variants. As additional marker information provides more genetic information to characterise the chromosomal loci, it can be argued that if a relationship exists between RD and this region, that a more detailed description of this region should result in a stronger pattern of LD.
We also tested for relations between components of RD and ADHD and the most consistently significant three-marker haplotype. We observed significant replicated associations between haplotype D6S109/ 422/1665 and global measures of reading skills (single-word reading and single-word spelling), phonological processing (phonological awareness and phonological decoding), orthographic processing (orthographic accuracy) and random automised naming, but did not observe a relation with vocabulary or ADHD. Thus, it appears that our data support association with a range of RD components.
Our data correspond well with recent reports of association in this region. Gruen et al 23 performed family-based association on the Colorado sample of families which shows linkage to chromosome 6p. They observed significant association with microsa- Linkage disequilibrium mapping D Turic et al tellite markers spanning D6S506-JA04 (see Figure 1) , with most evidence for marker JA04. This overlaps our broad region of significant replicated association (D6S109-1260).
It is possible that these data may go some way to explaining the broad region of linkage observed in RD on chromosome 6p. 12, [18] [19] [20] [21] [22] [23] There is no doubt that our study produces most evidence for a gene/s for RD in a region between D6S109 and 1260, but most likely in the vicinity of D6S109-506. However, we did observe evidence of marker-marker LD between markers in this region and those in the region showing most consistent evidence of linkage (D6S1558-MOG). It is noteworthy that all marker-marker calculations are based on RD proband data and may not necessarily reflect LD within the general population. We believe it is unlikely that associations across these regions which can be separated by large distances (eg, 410 Mb) reflect direct linkage, but may represent a relationship between genes in those regions which contribute to RD development. This may be additive or epistatic. However, the evidence for two genes for RD on chromosome 6p is tempered by our reduced support for association in the region identified by D6S1558-MOG. The presence of two genes on 6p could explain the broad region of linkage observed in previous studies. 12, [18] [19] [20] [21] [22] [23] However, large linkage regions are not uncommon in complex disorders. On the basis of our data, we would argue that further gene detection studies should prioritise our region of strongest association within the telomeric area of linkage between D6S109 and 506, extending to encompass the region up to D6S1660 thereafter. These data do not however, rule out the presence of a susceptibility gene for reading disability in the centromeric region of linkage on chromosome 6p.
